Despite a well-established relationship between amygdala activation during learning and long-term memory, contributions of amygdala to immediate memory have not been studied to date. We used functional magnetic resonance imaging at 1.5-T field strength to determine whether amygdala responses to emotional pictures would predict performance on an immediate recognition memory test. Sex differences in amygdala activation were related to false-positive error rates in recognizing unpleasant pictures. Specifically, increased right amygdala activation during unpleasant picture viewing was related to lower false-positive rates for men and higher false-positive rates for women. Our results indicate that increased amygdala activation while viewing unpleasant pictures may preferentially facilitate immediate recognition memory in men relative to women.
Introduction
A decade of research has implicated the amygdala in modulating memory trace formation when processing emotional information [1] . Amygdala activation is increased during viewing of emotionally arousing pictures relative to neutral pictures [2] . This increase in amygdala activation is in turn related to enhanced long-term retrieval of arousing stimuli [3] [4] [5] [6] [7] [8] . Moreover, amygdala contributions to memory performance are likely lateralized. Cahill and van Stegeren [9] hypothesized that right amygdala function is associated with memory for primary details and left amygdala function contributes more to the retention of peripheral details.
Besides lateralization differences, sex differences in amygdala activity influence the relationship between stimulus arousal and long-term memory performance. For instance, emotional stimuli evoke greater left amygdala activation relative to right amygdala activation in women [5, 6] and the reverse pattern in men [3, 4, 7, 8] . Furthermore, increased activation of the right amygdala in men and left amygdala in women is associated with improved long-term recognition memory for unpleasant arousing stimuli [10] .
Unlike the consistent association observed between stimulus arousal and enhanced long-term memory performance, there is little effect of emotional arousal on immediate memory performance. The absence of immediate recognition memory differences between arousing and neutral items may be because of increased falsepositive error rates (percentage of new pictures incorrectly identified as being previously seen) for arousing stimuli relative to neutral stimuli. Higher false-positive rates for arousing stimuli may be attributed to the greater similarity found among arousing items, as they tend to be more semantically related than neutral items. In fact, according to semantic coherence theory, the greater similarity found in arousing pictures makes it difficult to distinguish between old and new items in a recognition memory task [11] . However, to date, there have been no investigations examining the contributions of amygdala activity on immediate recognition memory performance (including false-positive rates) for arousing (both pleasant and unpleasant) stimuli.
Therefore, the present functional MRI (fMRI) experiment explored the relationship between sex-related differences in amygdala activation and immediate recognition performance for arousing stimuli. On the basis of past semantic coherence findings [11] , we predicted that increased amygdala activation during picture viewing would be associated with increased false-positive rates (as opposed to total correct scores) for arousing stimuli in an immediate recognition test. Furthermore, we examined whether the relationship between lateralized amygdala activation and false-positive rate differed as a function of participant sex (e.g. right amygdala activation may better predict memory performance in men vs. women).
Materials and methods

Study participants
Twenty-four right-handed healthy adult participants (12 men, age: 37.1 ± 12.3 years) were included in the study. Participants were recruited by public advertisement and informed consent was obtained in a manner approved by the Institutional Review Boards of the VA [12] to rule out the presence of any current or past mental illness and MRI eligibility interview. We also obtained estimates of verbal reasoning and IQ to ensure that cognitive abilities were within normal limits. Importantly, there were no sex differences on these measures.
Stimuli and behavioral tasks
The stimuli consisted of 90 color pictures selected from the International Affective Picture System ( [13] ) that comprised the following three affective categories: (i) highly arousing unpleasant (M arousal =6.3 on a scale of 1-9), (ii) low arousing neutral (M arousal =3.2), and (iii) highly arousing pleasant (M arousal =6.3). Of note, we selected the high arousal pleasant slides such that they did not contain erotica, given sex differences in reaction to such content [14] . The pictures were then divided into two counterbalanced lists, such that half the participants viewed list A during the scanner task and viewed list B as nontarget probes in the postscanner immediate recognition memory task.
During the fMRI portion, each trial consisted of the following: a fixation point presented for 9 s (either a solid white triangle, square, or circle against a black background), followed by a picture (full screen) shown for 9 s and then followed by a 21-s intertrial interval during which the screen was black, allowing the hemodynamic response to return to baseline. The stimuli were presented in a pseudorandom order such that pictures in any affective category were not presented for more than two trials in a row and that the affective categories were equally distributed across the early, mid, and late trials. Participants were told to press one of three keys to indicate whether they felt it was 'pleasant', 'neutral', or 'unpleasant' as soon as the picture appeared on the screen. Participants were also informed that the fixation points were meant to bring the upcoming picture to their attention. In other words, the fixation points were predictive of the upcoming affective category, but the participants were not aware of the relationship between fixation points and pictures, allowing investigation of implicit learning. Questions relating to implicit learning were explored in a separate analysis that will be reported elsewhere. Of note, participants had no knowledge of the upcoming memory test.
Stimuli were projected onto a high-resolution screen located behind the participant's head and were viewed using a mirror attached to the head coil, which provided an unobstructed view subtending a visual angle of 601. Stimuli were delivered using custom software (VAPP) developed by K.A.K. and were synchronized with pulses generated by the scanner at the beginning of each scan sequence. After the scan, participants immediately completed a memory test in a conference room adjacent to the scanner room. Participants were instructed to press the 'yes' key with their left index finger if the picture was one they had seen from the scan task or press the 'no' key with their right index finger if it was not. After this task, participants were shown the Semantic Assessment Manikin [13] , a series of illustrated Likert scales used to rate each picture on dimensions of valence and arousal to obtain dimensional ratings for all pictures.
Functional magnetic resonance imaging data acquisition and analysis Data were acquired using a 1.5 T General Electric (Waukesha, Wisconsin, USA) scanner using a standard head coil at Hartford Hospital. Functional data were acquired using a spiral pulse sequence (repetition time = 3000 ms, echo time=40 ms, flip angle = 901, 30 axial slices with no gap parallel to the AC-PC plane with a voxel size of 3.75 Â 3.75 Â 5 mm). Before functional data collection, four dummy volumes were discarded to allow blood-oxygen-level-dependent (BOLD) signal to reach steady state. High-resolution T1-weighted anatomical images (three-dimensional spoiled gradient recalled acquisition) were acquired for visualization. fMRI data were preprocessed and analyzed using the AFNI framework [15] . Data were processed with the following steps: (i) motion corrected by registering all slices with the slice closest in time to the anatomical image (3rd slice) as well as an additional alignment of all functional slices for each individual to his/her respective anatomy using FSL's FLIRT tool [16] ; (ii) linear de-trending to remove linear drift across the data time series; (iii) spatial smoothing using a 6 mm full-width at half-maximum Gaussian kernel; (iv) low-pass temporal filtering, and; (v) adjustment of signal for all voxels as percent signal change from mean for entire time series. No adjustments were made for the participant's button press during picture viewing, as we found no reaction time differences across affective picture conditions.
We ran a regression model using AFNI's 3dDeconvolve framework [17] to estimate impulse response function (IRF) parameters for the three affective categories that were used in subsequent group analyses. The analysis used a convolution approach that did not make assumptions about the underlying shape of the hemodynamic response function and provided an estimated response function for each stimulus type. We modeled both the fixation points and pictures to fully specify the model for each condition (six total conditions) and estimated activity for the first nine frames (27 s) after the onset of the fixation points. The remaining four frames (12 s) of fixation were used as a baseline estimate. Next, we isolated peak activity for each IRF, which was defined using the group average IRF for each estimated condition. We averaged the appropriate b weights across the peak of the BOLD response for the pictures for each condition, thus obtaining single value estimate for each voxel in each participant. This allowed us to capture the taskrelevant BOLD response for each condition and not the undershoot before or after the task-relevant activation. We computed an omnibus contrast (i.e. all stimuli vs. zero) to be maximally powered to detect amygdala signal and used Monte Carlo simulations implemented through AFNI's AlphaSim [18] program to determine the appropriate cluster size and threshold for sufficient protection from false-positive detection. Amygdala regions of interest were generated using a conjunction approach of an anatomical mask from the Talairach and Tournoux template atlas provided in AFNI and the analysis of variance (ANOVA) map thresholded at the appropriate whole-brain P < 0.05 level. The surviving voxels were used to extract peak amygdala values during picture viewing for each condition from the original IRF estimates for each individual. These values were used in subsequent analyses.
Results
First, as a manipulation check to ensure that amygdala activation in this study is consistent with past investigations, a mixed-factor ANOVA with participant sex (male, female) Âhemisphere (left, right) Âaffective stimulus (pleasant, neutral, unpleasant) was used to test amygdala activation during picture viewing. As expected, a main effect for affective stimulus indicated that amygdala activation was increased for arousing pictures [F(2,21)=3.40, P < 0.05, all simple within-subject contrasts P < 0.05]. There was a significant participant sex Â hemisphere interaction: Women showed greater left amygdala activation (M=0.20, SD=0.05) in contrast to men (M=0.14, SD=0.05), who in turn showed greater right amygdala activation (M=0.23, SD=0.06) in comparison with women (M=0.14, SD=0.06) during picture viewing [F(1,22)=4.07, P < 0.05, Bonferoni post-hoc comparisons significant at P < 0.05].
Next, an initial mixed-factor ANOVA with participant sex Â affective stimulus was used to test memory performance, measured as true positives (percentage of previously studied pictures correctly identified) and false positives (percentage of new pictures incorrectly identified). Consistent with past literature on immediate memory performance, the true-positive rate was quite high overall (92%), with no significant effects of affective stimulus. In contrast, the false-positive rate was significantly increased for unpleasant (11%) relative to pleasant (7%) and neutral (4%) pictures [F(2,21)=3.95, P < 0.035, all simple within-subject contrasts P < 0.05].
There were no significant effects of participant sex on memory performance data.
We tested the hypothesis that participant sex would moderate the relationship between amygdala activation during arousing picture viewing and false-positive rates. We conducted a series of regression analyses using the false-positive rate for unpleasant pictures as the dependent variable. We examined the main and interactive effects of amygdala activation and participant sex [19, 20] . Before the analyses, the amygdala activation predictor was centered to reduce multicolinearity [20] . A binomial variable was entered in step 1 to assess the main effect of participant sex. Amygdala signal for picture viewing was entered in step 2 to account for the main effect of amygdala activation during picture viewing. The product term of 'participant sex' and 'amygdala activation' was entered in the final step to assess whether participant sex and amygdala activation interacted to predict false-positive rates. Next, we examined the participant sex Â amygdala activation interaction using procedures described by Holmbeck [20] , in which slope estimates are calculated for both men and women [20, 21] . Sex Â Right amygdala -0.510 0.235* At each step, DR 2 is for the step and b is for the final model. *P < 0.01. **P < 0.002. Sex-related differences in emotional memory Aikins et al. 275 We found that participant sex was a significant moderator of the relationship between right amygdala activation and the unpleasant pictures' false-positive rate (Table 1) . For men, the false-positive rate decreased as amygdala activation increased [b= -0.32, t(23)= -3.46, P < 0.05]. In contrast, the false-positive rate significantly increased in women as amygdala activation increased [b=0.19, t(23)=2.01, P < 0.05] (Fig. 1) . Neither main nor moderated effects were found with pleasant or neutral picture performance or with left amygdala activation.
Discussion
To our knowledge, this investigation is the first to relate amygdala activation to immediate memory performance. We found that the relationship between amygdala activation and false-positive error rates for unpleasant pictures differed between men and women. Women with the relatively higher right amygdala activation during unpleasant picture viewing had less accurate memory performance than women with the relatively lower right amygdala activation. In contrast, the opposite was true for men.
The amygdala is regarded as the source of the consolidation effects of the successful long-term retention of arousing materials (e.g. [22] ). The present findings in men, showing that greater amygdala activation was related to lower false-positive rates for immediate recognition memory, supports this conceptualization of the consolidation process. Increased coherence in unpleasant pictures may help explain our findings with women. As increased amygdala activation is associated with the semantic encoding of unpleasant relative to neutral stimuli [23] , the increased false-positive rate found in women may reflect difficulty in discriminating between unpleasant pictures. Two key differences stand out between the findings of this study and the literature investigating the relationship between amygdala and long-term memory performance. Although past studies found hemisphere-specific effects differing as a function of participant sex, the present moderation effect was only found for the right amygdala. This is the first evidence of amygdala activation contributing to false-positive error rates in memory performance. Second, we only found a relationship between amygdala activation and memory of unpleasant (but not pleasant) pictures. It may be the case that emotional valence has stronger influence on the learning process during immediate memory tests such as the one used here.
Conclusion
In conclusion, we observed sex differences in the relationship between right amygdala activation during picture viewing and immediate recognition memory performance for unpleasant pictures. Increased amygdala activation during picture viewing was associated with a high false-positive rate in women and a low false-positive rate in men.
